T he applications of a polymer are largely determined by its chemical, physical, and mechanical properties. These properties are in turn determined by polymer morphology, which is dictated by polymer structure and composition. Thermoplastic elastomers are a classic example where polymer architecture engenders unique properties. Block copolymers that contain at least two blocks that are hard at room temperature, separated by blocks with a glass transition temperature (T g ) below room temperature, typically exhibit elastomeric properties if the low T g block volume is large (1) (2) (3) (4) (5) . The most well known elastomers of this type are the polystyrene (PS)-block (b)-polybutadiene-b-PS triblock copolymers, sold commercially by Kraton Polymers. Such materials normally possess a microphase-separated morphology in which 10-nm-scale domains of the hard blocks (e.g., PS) are embedded as spheres or cylinders within a continuous phase of the low T g soft blocks. The hard domains serve as thermally reversible crosslinks that at room temperature produce high levels of recoverable elasticity in the soft phase.
Sequence control of a synthetic polymer is most easily accomplished by using a synthetic technique that allows the sequential addition of one or more monomers to the macromolecule in a chain growth process without spontaneous termination. These techniques are collectively called living polymerizations, and despite many successes over the last half century, their further development remains one of the most important frontiers in polymer science. In the case of the Kraton triblock copolymers, a living anionic polymerization process is used to synthesize the materials. Because approximately two-thirds of all thermoplastic polymers are polyolefins, a significant amount of research has been directed toward the development of living catalysts for alkene polymerization. Living catalysts enabling the synthesis of block olefin copolymers have only been popularized in the last decade (6) .
Block Polyolefins
There are two main ways to produce polyolefins with blocky structures: (i) use nonliving alkene polymerization catalysts, where changes at the site of enchainment during chain formation gives rise to different blocks in the polymer; and (ii) employ living catalysts, and change the monomer or reaction conditions during chain formation resulting in controlled block formation. The first approach has the advantage that more than one chain is formed per catalyst center but has the disadvantage that precise control of the number and length of blocks is not easily accomplished. Some examples of nonliving catalysts that produce olefin-based block copolymers include heterogeneous Ziegler-Natta catalysts (7), asymmetric metallocenes (8, 9) , and the oscillating metallocenes (10) . Although living catalysts have the inherent disadvantage that they typically only produce one chain per catalytic active center, they do have the potential for unprecedented levels of control of polymer architecture, including the composition, size, and number of blocks in olefin copolymers (6) . Regarding thermoplastic elastomers, they allow the precise placement of hard blocks of high melting point (T m ) or T g , and soft blocks of T g well below ambient temperature. Because of the widespread use of ethylene and propylene as monomers for the synthesis of polyolefins, these monomers are prime candidates for feedstocks for thermoplastic elastomer synthesis. Isotactic or syndiotactic polypropylene (iPP or sPP) blocks, as well as linear polyethylene (PE) blocks, are obvious choices for the hard blocks, although tactic PP segments are potentially advantaged because of their higher melting temperatures and greater resistance to chain pullout from crystals. For the soft segments, random, amorphous poly(ethylene-copropylene) (PEP) copolymer blocks are superior to atactic PP segments because of their significantly lower T g values (approximately Ϫ50 versus 0°C).
Few catalysts exhibit living behavior for both the synthesis of tactic PPs and amorphous PEPs. Living, partially syndiotactic PP was first reported by Doi (11) using vanadium complexes. Coates (12) and Fujita (13) independently reported that fluorinated bis(phenoxyimine) titanium catalysts (14) are capable of the living, syndiospecific polymerization of propylene, including the synthesis of polymers with PEP blocks. Busico (15) , Coates (16) , and Sita (17) have reported group IV catalysts with varying degrees of isospecificity and livingness for the synthesis of iPP block copolymers. Notably, Sita (17) has recently reported the synthesis of elastomeric multiblock polymers with atactic PP and iPP segments. Coates (18) has recently reported a chiral nickel alpha-diimine catalyst that produces di-and elastomeric triblock polypropylenes with isotactic and regioirregular (rPP) PP blocks, controlled by the polymerization temperature. A possible advantage of this system is that rPP blocks are virtually indistinguishable from PEP blocks and have a suitably low T g of approximately Ϫ55°C, enabling the synthesis of thermoplastic elastomers from a single monomer.
The focus of this article is the synthesis of thermoplastic elastomers from ethylene and propylene by using stereoselective, living alkene polymerization catalysts. Specifically, a titanium catalyst (1; Fig. 1 ) was used to synthesize a sPP-b-PEP-b-sPP triblock copolymer (synTB) by a sequential polymerization procedure (Scheme 1). A chiral nickel catalyst (2; Fig. 1 ) was used to synthesize an iPP-b-rPP-b-iPP triblock copolymer (isoTB) and an iPP-b-rPP-biPP-b-rPP-b-iPP pentablock copolymer (isoPB; Scheme 1). Herein, we show that the design and precision control of polymer structure allows for the synthesis of thermoplastic elastomeric polyolefins with unprecedented properties.
Results and Discussion
Polymer Design. Our objective in this project was to develop olefin block copolymers that could be used as thermoplastic elastomers and potentially be competitive, in cost and performance, with hydrogenated styrenic block copolymers and thermoplastic urethane elastomers. Given the limited data on olefin block copolymer systems, we attempted a design based on our experience with styrenic block copolymer elastomers. In particular, we focused primarily on triblock copolymers with two semicrystalline end blocks (''hard'' blocks) and an internal amorphous, low-T g , ''soft'' block. (In the case of PEP soft blocks, an ethylene mole fraction between 0.4 and 0.7 is desirable to produce a low T g and avoid crystallization.) We also prepared and tested a pentablock copolymer with a linear hard-soft-hard-soft-hard structure. It was our expectation that good elastic recovery would require block copolymer mesophases with a continuous soft domain and discrete hard domains. Thus, we aimed for samples with 20-30% by volume of the hard blocks. In the case of styrenic elastomers, which have glassy PS hard blocks, good performance mandates that the molecular weight be adjusted so that the order-disorder transition (T ODT ) (2) satisfies the inequality T use Ͻ T g Ͻ T ODT . This ensures that upon cooling from a melt processing temperature T proc , block mesophases are formed before vitrification at T g , resulting in a well ordered elastomer with glassy (and nearly pure) PS domains at the application temperature T use . Ideally, for ease of processing one would like T ODT Ͻ T proc , although this is often not possible in hydrogenated PS block copolymers because of the large Flory parameter between PS segments and PEP or poly(ethylene-cobutylene) segments.
Adapting these design rules to the sPP block copolymers, we initially targeted ''symmetric'' sPP-b-PEP-b-sPP triblock copolymers with equal-length sPP blocks and overall molecular weight (Ϸ350 K) consistent with the sequence T use Ͻ T m Ͻ T ODT Ͻ T proc . Such materials form ordered mesophases in the melt upon cooling, and the subsequent crystallization is then confined to the sPP-rich minority domains. For reasons of synthetic convenience, the iPP-b-rPP-b-iPP triblock and iPP-b-rPP-b-iPP-b-rPPb-iPP pentablock copolymers were prepared at significantly lower overall molecular weight (Ϸ150 K), which implies the inverted sequence (T use , T ODT ) Ͻ T m Ͻ T proc . In these cases, crystallization occurs upon cooling from the disordered melt, so any subsequent T ODT is unobservable. Because the iPP block copolymers did not possess the ideal thermal sequence based on styrenic block copolymer design, we expected that they would be inferior mechanically to the sPP block copolymers. As will be discussed below, this naïve expectation turned out to be incorrect and has highlighted an important design advantage of semicrystalline block copolymers over their amorphous counterparts.
Polymer Synthesis. Two different classes of polyolefin-based block copolymer systems were prepared. The first consists of blocks of syndiotactic polypropylene (sPP) and ethylene-propylene random copolymer (PEP). Fig. 1 shows the catalyst structure and Scheme 1 the synthetic scheme for synthesizing the block copolymers. Polymerization of propylene at 0°C resulted in a living polymerization of sPP ([rrrr] ϭ 0.96). Once a block of the desired length was grown, a slight overpressure of ethylene was added and polymerized to produce a PEP block (12, 19) . Triblock copolymers of sPP-b-PEP-b-sPP were synthesized by a similar procedure by adding a final polymerization of pure PP to the sequence. The sPP had a melting temperature between 130 and 146°C, decreasing with increasing molecular weight (19) . For ethylene fractions (F e ) greater than 0.75 in the PEP block, crystallization of PE segments in the PEP could be detected. Synthesis of sPP-b-PE in which both blocks are semicrystalline was possible (19) , although these were not good thermoplastic elastomers and were not considered further. The second polyolefin-based block copolymer system consists of blocks of iPP and rPP. Fig. 1 shows the catalyst structure and Scheme 1 the synthetic scheme for this block copolymer. In this case, propylene is the only monomer. When the polymerization temperature is Ϫ60°C or lower, iPP results, whereas at room temperature, the incorporation of trimethylene units [O(CH 2 ) 3 O] predominates. These unbranched units are due to 3,1-insertions arising from catalyst chain-walking (18) . The rPP block that results at 0°C resembles PEP (nominal F e ϭ 0.53) more than it does PP and in fact has a glass transition temperature (less than Ϫ40°C) that is much lower than conventional amorphous PP. As the polymerization temperature is decreased, the effective F e decreases (0.11 at Ϫ60°C and 0 at Ϫ78°C), although the polymerization rate decreases dramatically. Triblock and pentablock copolymers can be produced simply by carrying out sequential polymerizations at different temperatures.
Polymer Morphology and Mechanical Testing. The morphology of the polyolefin block copolymers produced by these methods was determined by transmission electron microscopy (TEM) using RuO 4 to stain the amorphous regions and in selected cases by scanning force microscopy. Order-disorder transition temperatures in the melt (T ODT ) were determined by dynamic mechanical spectroscopy (19) . Mechanical testing was performed in tension by sequentially loading and unloading, measuring the hysteresis loop and the strain not recovered after unloading. Triblock sPP-b-PEP-b-sPP copolymers. Triblock copolymers of sPP-b-PEP-b-sPP with relatively low sPP contents (weight fractions w PP Ͻ 0.3) and F e in the PEP block Ͻ0.7 have excellent properties as thermoplastic elastomers. An example is a triblock copolymer with 25 wt % sPP, a total number average molecular weight (M n, tot) of 298 kg͞mol, and F e ϭ 0.66 (synTB; Table 1 ). synTB has a microphase-separated morphology consisting of sPP cylinders in a PEP matrix as shown in the TEM micrograph in Fig. 2 . The room temperature stress-strain curve for this block copolymer shown in Fig. 3 is elastomeric with an initial Young's modulus of Ϸ7 MPa and a strain-to-break of Ϸ550%. Similar results were found at an elevated testing temperature of 65°C. The elastic recovery (the fraction of the maximum applied strain recovered right after unloading) is plotted as a function of maximum strain in Fig. 4 .
At maximum strains of 100% or less, the elastic recovery is better than 90%. These properties are comparable with or better than those of commercial PS-b-poly(ethylene-co-butylene)-b-PS (SEBS) triblock copolymers with cylindrical PS microstructures. The elastic recovery is nearly 100% in the second and subsequent cycles as long as the original maximum strain is not exceeded. As expected, triblock copolymers with larger sPP contents (w PP Ͼ 0.5) and comparable M n, tot have microphase-separated microstructures with continuous sPP domains. While these show strains at break that exceed 500%, they also have significantly larger Young's moduli, yield behavior, and poor elastic recovery due to extensive plastic deformation of the sPP phase. (Table 1) , shows no evidence of microphase separation, a finding that is consistent with its relatively low total molecular weight (109 kg͞mol) and the low effective ethylene content of its rPP mid-block (19) . Crystals of iPP (white) can be seen throughout the TEM image. Despite its lack of microphase separation, the elastomeric properties of the sample are exceptional. Its Young's modulus is less than half that of the sPP-b-PEP-b-sPP block copolymer, synTB, and its strainto-break, over 1,700%, is over three times higher (Fig. 3) . In addition, it shows very good elastic recovery out to 1,000% strain as shown in Fig. 4 . At a testing temperature of 65°C, the Young's modulus of sample isoTB is nearly identical to the room temperature value, as is its elastic recovery up to a strain at break of 400%. In comparison, a microphase-separated SEBS of comparable total molecular weight (96 kg͞mol) and wt % hard block (28% PS) has (at room temperature) a Young's modulus of 9 MPa, a strain to failure of 500%, and an elastic recovery of only 78% after a maximum strain of 100%. At a testing temperature of 65°C, the SEBS has a strain at break of 200% and an elastic recovery of Ͻ80%. The iPP-b-rPP-b-iPP sample, isoTB, not only has superior elastomeric properties but is much easier to process than SEBS because of the lack of microphase separation in the melt state. Pentablock iPP-b-rPP-b-iPP-b-rPP-b-iPP copolymers. As a final example, an iPP-b-rPP-b-iPP-b-rPP-b-iPP pentablock copolymer was prepared with 21 wt % iPP and M n, tot ϭ 159 kg͞mol (isoPB; Table  1 ). As with its triblock counterpart isoTB, TEM analysis of isoPB shows no evidence of microphase separation, only white crystals of iPP (Fig. 6) . The mechanical properties at room temperature are truly exceptional with a strain at break of 2,400% and a maximum tensile true stress of 250 MPa before break (Fig. 3) . Although the elastic recovery of isoPB is lower than that of isoTB at strains of 10% and 50%, perhaps because of increasing crystal connectivity resulting from shorter rPP blocks, it rises to a value of nearly 90% out to strains of 1,000%, almost identical to isoTB (Fig. 4) . The pentablock architecture (20) , with an internal hard block, is apparently very effective at thwarting chain pullout from crystals at high levels of stress.
The temperature range over which these sPP and iPP block copolymers will exhibit good elastomeric properties should be limited at the low end by the glass transition temperature of the mid-block (less than Ϫ40°C) and on the upper end by the temperature at which the end blocks can be pulled free of the crystals anchoring them. The iPP blocks appear to be superior hard blocks, possibly because it is harder to remove an iPP chain from a crystal, and the middle iPP block of the pentablock also appears to thwart chain pullout. The low T g of the soft blocks should lead to a significant improvement of low-temperature properties over atactic-isotactic stereoblock polypropylenes (10, 
17), which have a T g of Ϸ0°C.
Because the melting temperature of the iPP block in isoTB is only 130°C, probably limited by occasional 3,1-insertions that introduce O(CH 2 ) 3 O units into the iPP block, development of new catalysts that will improve the regioregularity of that block should lead to improvement in high-temperature strain-to-break and elastic recovery.
Conclusions
The advent of advanced catalysts for polyolefin synthesis that offer simultaneous control over molecular weight, stereochemistry, and chain termination processes has created a significant opportunity for the design of entirely new classes of polyolefin materials based on block copolymer architectures. Given the low cost and wide availability of olefinic monomers, coupled with the broad range of materials properties achievable with these new catalysts, it would seem that the area is ripe for further research, development, and commercialization.
The present work has explored only one small sector of materials design space: semicrystalline polyolefin block copolymers for use as thermoplastic elastomers. Nonetheless, we have shown the potential of polyolefin block copolymers in this sector by achieving elastomeric properties in sPP and iPP systems that rival or exceed those of commercial SEBS thermoplastic elastomers. Moreover, the polyolefin elastomers offer a considerable advantage in melt processibility, monomer cost, and potentially high-temperature performance and chemical and solvent resistance.
An important outcome of our work is that the design rules for elastomers based on semicrystalline hard blocks are more forgiving than those for traditional amorphous thermoplastic elastomers such as SEBS. The large enthalpy of crystallization overwhelms the small favorable free energy of segment mixing in low-molecular-weight block copolymers at T m , producing a random crystal morphology with no short-or long-range order on the mesoscale. Surprisingly, this disordered morphology can possess excellent elastomeric properties that exceed those of even well microphase-separated materials. Thus, in contrast to elastomers that use glassy hard blocks, it is not necessary to maintain a high molecular weight to ensure T ODT Ͼ T m . This design flexibility should allow the rheological and mechanical properties of semicrystalline thermoplastic elastomers to be tuned over a much broader range.
Major challenges remaining are catalyst cost, recovery, and productivity, which are particularly acute impediments to commercialization of polymers based on living polyolefin catalysts. Now that the potential property advantages of block polyolefin materials are clear, we are optimistic that there will be a strong incentive to overcome these difficulties in both living and nonliving catalyst systems.
Materials and Methods
Polymer Synthesis. Complexes 1 and 2 were synthesized as previously reported (12, 18) . Synthesis of sPP-b-PEP-b-sPP (synTB). A 2-liter stainless steel autoclave was charged with PMAO (1.20 g, 20.8 mmol Al) and toluene (1 liter) under nitrogen atmosphere. The reactor was cooled to 0°C, and the atmosphere was exchanged with propylene gas and then saturated under pressure [2.0 atm (1 atm ϭ 101.3 kPa)]. A solution of titanium complex 1 (90 mg, 0.10 mmol) in toluene (7 ml) was then added to the reactor via gas-tight syringe to initiate the polymerization. After 35 h, the unreacted propylene monomer was removed with a vacuum pump, the mixture of ethylene and propylene (32͞68 mol/mol, 0.68 atm) was introduced into the reactor, and the mixture of the gas was fed to keep the pressure constant at 0.68 atm. After an additional 0.42 h, the feed of the mixed gas was stopped and the unreacted monomer gas was removed with a vacuum pump. The polymerization was allowed to continue in the presence of propylene (1.4 atm) for an additional 35 h. The reaction was then quenched by injection of methanol͞HCl (25 ml, 10% vol HCl). After venting the reactor, the polymer was precipitated in copious methanol͞ HCl, filtered, washed with methanol, and dried in vacuo to constant weight (25 g).
Synthesis of iPP-b-rPP-b-iPP (isoTB).
A 6-oz Lab-Crest pressure reaction vessel equipped with a magnetic stir bar was charged with MMAO-3A (2.5 ml of a 7-wt % solution in heptane, 4 mmol Al) and toluene (30 ml) in a nitrogen-filled glovebox. The reactor was cooled to Ϫ60°C, the atmosphere was exchanged with propylene gas three times, and the flask was filled with 30 g of propylene. A solution of nickel complex 2 (17.4 mg, 0.017 mmol) in CH 2 Cl 2 (2 ml) was then added to the reactor via gas-tight syringe to initiate the polymerization. After 38 h, a 2-ml sample was removed via cannula and the flask was warmed to 0°C. After stirring an additional 3.5 h, another 2-ml sample was removed, and the polymerization was cooled to Ϫ60°C and allowed to continue for an additional 76 h. The reaction was then quenched by injection of methanol͞HCl (5 ml, 10% vol HCl). After venting the reactor, the polymer was precipitated in copious methanol͞ HCl, filtered, washed with methanol, and dried in vacuo to constant weight (2.45 g).
Synthesis of iPP-b-rPP-b-iPP-b-rPP-b-iPP (isoPB).
A 6-oz Lab-Crest pressure reaction vessel was prepared as described above for isoTB to generate the first iPP block. After 48 h at Ϫ60°C, a 2-ml sample was removed via cannula and the flask was warmed to 0°C. After stirring an additional 2 h, another 2-ml sample was removed and the polymerization was cooled to Ϫ60°C and allowed to continue. After 48 h, a 2-ml sample was removed via cannula and the flask was warmed to 0°C. After stirring an additional 2 h, another 2-ml sample was removed, and the polymerization was cooled to Ϫ60°C and allowed to continue for an additional 66 h. The reaction was then quenched by injection of methanol͞HCl (5 ml, 10% vol HCl). After venting the reactor, the polymer was precipitated in copious methanol͞HCl, filtered, washed with methanol, and dried in vacuo to constant weight (2.16 g).
At each stage of the polymerization, molecular weights were determined by removing an aliquot of the polymer and subjecting it to gel-permeation chromatography at elevated temperature. Transmission Electron Microscopy. All samples for TEM were annealed in the melt for a total of 7 days, the first 4 days at 200°C to erase any previous thermal history and then an additional 3 days at a final temperature of 160°C. High-vacuum ovens [Ͻ10 Ϫ7 mbar (1 bar ϭ 100 kPa)] were used to prevent degradation by oxidation. Melt morphology was preserved by quickly quenching the samples after annealing. TEM images of quenched samples were recorded at 200 kV with either a JEOL (Tokyo, Japan) 2000FX or an FEI (Hillsboro, OR) Technai T-20 TEM. The contrast for the morphological characterization was achieved by a sample preparation technique that relies on different rates of diffusion of a RuO 4 stain into the amorphous and semicrystalline regions (21) . First, the sample surface was cut at Ϫ170°C to make a smooth surface for the stain to penetrate into the sample. The samples were then stained in a vapor of a 0.5% RuO 4 stabilized aqueous solution (Electron Microscopy Sciences, Fort Washington, PA) for a period of between 5 and 7 days. The stained sample was microtomed by using a Leica (Deerfield, IL) Ultracut UCT ultramicrotome with a diamond knife at room temperature, and 80-nm-thick sections were collected on 600-mesh hexagonal grids.
Differential Scanning Calorimetry. Polymer melting point (T m ) and glass transition temperature (T g ) were measured by differential scanning calorimetry with a TA Instruments (New Castle, DE) Q1000 calorimeter equipped with an automated sampler. Analyses were performed in crimped aluminum pans under nitrogen, and data were collected from the second heating run at a heating rate of 10°C͞min from Ϫ100 to 200°C and processed with TA Instruments Q Series software.
Tensile Mechanical Testing. After the synthesis, powder materials were compression-molded into a small film Ϸ0.2 mm thick. Film samples were then moved into a high-vacuum oven to be annealed for 4 days (the first day at 200°C and the remaining 3 days at 160°C). After annealing, samples were cut into rectangular specimens Ϸ7.5 mm long, 1 mm wide, and 0.2 mm thick. Cut samples were then either stretched to fracture or up to a given tensile strain using an Instron (Norwood, MA) 1123 testing machine. All testing was performed at room temperature (Ϸ20°C). The strain rate was held constant at Ϸ0.01͞s. Two types of mechanical tests were performed as follows. (i) Samples were stretched monotonically to fracture, and stress-strain curves were recorded. True stresses were computed by correcting measured nominal stress values for the specimen area decrease at large tensile strains. (ii)
Step cycle tests were performed that combine a stepwise stretching of the rectangular samples with unloading-reloading cycles. In each step, the sample was extended step by step up to strains of 10, 50, 100, 250, 500, and 750 (%). Once the sample reached the appropriate strain, the crosshead direction was reversed and the sample strain was decreased at the same rate until zero stress was achieved. The sample was then extended again at the same constant strain rate until it reached the next targeted step-strain. The step cycle test was performed until the sample fractured or until the final step of 750% was reached. With this step cycle test, we measured the elastic recovery of the materials. The elastic recovery R(%) is defined as the strain recovered upon unloading divided by the maximum strain reached during the step.
